Introduction
============

Paratuberculosis (Johne\'s disease) is a granulomatous enteritis of ruminants caused by *Mycobacterium avium*subspecies *paratuberculosis*(MAP). It is more common in cattle worldwide, particularly dairy cattle, than in other ruminants. Infected animals are generally asymptomatic until the later stages of infection when the disease manifests clinically as chronic diarrhoea and progressive emaciation. Despite an upsurge in the number of publications on paratuberculosois since 1990 \[[@B22]\], there are relatively few publications on paratuberculosis in Ireland. Between 1955, when Johne\'s disease became a notifiable disease in Ireland and 1992, when the single European market opened, Johne\'s disease was reported sporadically (92 cases, primarily in imported animals \[1932-1992\]). Following the removal of pre-importation test certification and quarantine in 1992, the number of imported cattle from the EU increased dramatically (85,000 cattle between 1992 and 2004). In 1997, a serological survey of 36 Irish herds with 224 imported animals found that 36% of the herds had at least one positive animal \[[@B21]\]. Between 1995 and 2002, 232 animals infected with MAP were reported in 106 Irish herds \[[@B1]\]. Recently, Cashman *et al.*\[[@B4]\] analysed risk factors associated with the introduction of MAP into Irish dairy herds and concluded that there was a lack of awareness among Irish farmers about the effects of inadequate biosecurity on MAP introduction.

The consequences of paratuberculosis for farm economics in Ireland may differ from estimates found in other countries due to the seasonal, pasture-based systems of milk production practiced here. The effect of paratuberculosis on farm production in the USA was estimated as a loss of \$200 million \[[@B16]\]. Due to the potential economic consequences of the disease, several studies have attempted to estimate the impact of paratuberculosis on production, with effects on milk yield being the largest. Other variables that are considered important factors for farm economics are milk solids yield, somatic cell count (SCC), calving interval (CI) and early culling risk.

The effects of paratuberculosis infection on milk yield are very inconsistent, varying between increased yield in infected cows \[[@B12]\], no significant effect \[[@B19]\] and up to a 24% reduction in yield \[[@B1]\]. Effects of paratuberculosis on milk solids are also inconsistent, varying between increased solids production in infected cows \[[@B12]\], no significant effect \[[@B29]\] and up to a 21% reduction in solids production \[[@B2]\]. In contrast to milk production, there are only a limited number of published studies on the effects of paratuberculosis on mastitis or SCC. While the majority of studies show no significant effect \[[@B9],[@B10],[@B15]\], Wilson *et al.*\[[@B32]\] found a reduction in mastitis in subclinically infected cows and four studies showed an increase in either mastitis \[[@B3],[@B20]\] or in SCC \[[@B19],[@B31]\]. The impact of paratuberculosis infection on herd fertility is similarly variable with Gonda *et al.*\[[@B9]\] and Lombard *et al.*\[[@B15]\] finding better fertility in infected cows; Chaffer *et al.*\[[@B5]\] and McNab *et al.*\[[@B19]\] finding no significant effect; and, Marce *et al.*\[[@B18]\] and Johnson-Ifearulundu *et al.*\[[@B13]\] finding significantly reduced fertility in infected cows. These responses vary primarily with the stage of infection, the stage of lactation, parity and the diagnostic criteria for paratuberculosis case definition \[[@B9],[@B15],[@B24]\]. In general, impacts on production and reproduction are much lower in subclinically infected animals (test-positive only) than in clinically affected animals.

The aim of this study was to investigate the impact of paratuberculosis sero-status on the economically important variables milk yield, milk fat and milk protein, somatic cell counts (SCC) and calving interval in dairy herds in the Republic of Ireland. The hypothesis tested was that paratuberculosis infection has a significant negative effect on milk yield, milk solids, SCC and calving interval in both infected animals and in infected herds. To address this hypothesis, the study examined the effect of paratuberculosis at the animal-level between paratuberculosis test-negative and test-positive cows, and at the herd-level between test-negative, non-negative and positive herds.

Materials and methods
=====================

Data collection and editing
---------------------------

The Department of Agriculture, Fisheries and Food (DAFF) conducted a national bovine paratuberculosis sero-survey in 2004 and 2005 using blood samples collected for the brucellosis eradication scheme. Samples were collected from all lactating and non-lactating animals (male and female) older then 12 months. Within this dataset, serology results from animals (n = 2,602) in dairy herds (n = 34) which were milk-recording in 2004 and 2005 were extracted. Milk and reproduction records for each paratuberculosis-tested cow (estimated breeding value \[EBV\] for milk yield, milk fat, milk protein, SCC, calving interval and economic breeding index \[EBI\] and predicted 305-day milk yield, milk fat, milk protein, SCC and calving interval) were retrieved from the Irish Cattle Breeding Federation (ICBF) database and matched to the test results from DAFF by animal tag number. When matching the DAFF database with the IBCF database, there were two herds (n = 80 animals) with no milk records available, so these were removed from the entire analysis. Of the 2,522 animals in the remaining 32 herds, 355 animals in the ICBF database did not have milk records (males) or matching tag numbers, and so were removed. When matching serology test data to production data for the lactation during the year of the paratuberculosis test (current lactation) a further 1,150 cow records were lost, as they were either not lactating in the test year, or no data were available for that animal in that year. As days in milk (DIM) influences the estimations of total milk yield, test day recordings before 100 DIM and after 450 DIM were excluded from the analysis, by taking the 95% confidence interval around the mean for DIM (264 days). Calving intervals ranging between 300 and 500 days were retained for analysis. After further checking for errors and outliers, data was available for 993 lactating cows in 32 herds. The dataset was comprised of 95.6% Holstein-Friesian cows. Therefore, to remove the effect of breed on production and reproduction variables, all other breeds were deleted leaving 949 cows in 32 herds. The EBV of the cow (not the sire) was recorded for 259 of the 949 cows.

Serology
--------

Paratuberculosis status was established using an ELISA (Elisa Bovine Paratuberculosis Serum Verification, Institut Pourquier, France) with a specificity of 99.8% (CI 95% 99.6-99.8) and a sensitivity of 40.8% (CI 95% 35.3-46.7), \[[@B17]\] in a DAFF laboratory. A sample to positive (S/P) ratio of ≥70% was considered positive. All samples with an S/P ratio below this cut off value were defined as negative.

Animal-level
------------

A case-control study design was used to match each paratuberculosis test-positive cow (case) with five negative cows (1:M) (controls) all of which had data available for their current lactation. This ratio was calculated using the general linear model (GLM) procedure, with paratuberculosis status as a fixed factor and match number (the number of the matched pairs, one to 11) as a random factor. The cows were paired on parity and calving date, where the calvings of the controls were within one month of the cases. The GLM procedure (univariate) was used to examine the effect of paratuberculosis sero-status on milk yield, fat, protein, SCC and previous calving interval in negative and positive cows.

Herd-level
----------

The herds were categorised into three groups: test-negative, non-negative and positive. To exclude the risk of a false positive herd in the analysis, the restrictive definition for classifying herds used by VanLeeuwen *et al.*\[[@B30]\] and Sorensen *et al.*\[[@B26]\], where a herd has to contain two or more positive animals before it is classified as a positive herd, was used. A herd was classified as a negative herd if all the animals in the herd had negative test results. A herd with only one animal that tested positive for paratuberculosis was categorised as non-negative, as it is not possible to clearly define these herds as either positive or negative.

Preliminary analyses were done on the data to verify that the assumptions of parametric data were not violated. The Levene\'s test of equality of error variances and the Kolmogorov-Smirnov tests were used to test for the homogeneity of variance and normality, respectively. After converting SCC to somatic cell count score (SCCS) \[[@B25]\] as shown in Table [1](#T1){ref-type="table"} and converting lactation length into a logarithmic variable, all variables met the required assumptions. The variable parity was divided into four groups (1, 2, 3 and ≥4). Herd size (number of animals over 12 months) was divided in three groups (small 1-50, medium 51-100 and large ≥101). A multiple linear regression analysis was initially used to determine the association between herd paratuberculosis status (negative, positive, non-negative), herd identifier number (number of the herd of the cow), herd size, parity, month of calving and lactation length (days in milk) and the dependent variables (milk yield, milk fat, milk protein, SCCS and calving interval). In this initial exploratory data analysis, unadjusted for EBV, the positive and larger herds had a higher milk yield, fat and protein production than the negative herds. However, given the differences in EBV between herd paratuberculosis categories and the likely impact of EBVs on the dependent variables and model fit, EBVs were included in subsequent models as covariates. Univariate general linear models were used for each dependent variable, with herd paratuberculosis status, herd size and parity as fixed factors and lactation length (in logarithmic form) and the EBVs of the dependent variables as covariates. Milk yield was included as a covariate to analyse effects on protein and fat production, because they are linked to milk yield. An adjustment was made in the models for a significant interaction between herd paratuberculosis status and herd size. Each model structure used was:

###### 

Somatic cell count scores (SCCS) and associated ranges in somatic cell counts (SCC) (cells/ml) \[[@B25]\]

  Somatic cell count score (SCCS)   Somatic cell count (SCC) (cells/ml)
  --------------------------------- -------------------------------------
  0                                 0-18,999
  1                                 19,000-35,999
  2                                 36,000-71,999
  3                                 72,000-141,999
  4                                 142,000-283,999
  5                                 284,000-565,000

Where Y is the corrected total effect of the explanatory variables on the dependent variable (the model was run for each dependent variable) X~0~is the intercept or mean of the model. B~1~X~i~= independent variables: herd paratuberculosis status, herd size, parity, lactation length (log) and EBV of the dependent variable. E~i~is the random error term. A pairwise comparison between herd paratuberculosis statuses was carried out using the Bonferroni adjustment for multiple comparisons post hoc analysis. The calculated implied power of these statistical models where one is the highest power and zero the lowest, were all above the cut off value of 0.80 \[[@B8]\]

To determine the effect of paratuberculosis within different parity groups, a general linear model was run separately for each parity group. The analysis contained the same herds and number of cows as used on the herd-level, but the cows were split up into the four parity groups (1, 2, 3 and ≥4). The model for each dependent variable in each parity group contained herd paratuberculosis status and herd size as fixed effects, lactation length (in log format) and the EBVs of the dependent variables as a covariate and the interaction between herd paratuberculosis status and herd size as an interaction term. The pair-wise comparisons were carried out using the Bonferroni post hoc analysis. Results were considered significant at a P-value of ≤0.05. The statistical analyses were conducted using SPSS version 14.0.1 \[[@B27]\].

Results
=======

Paratuberculosis sero-status
----------------------------

Of the 949 cows in the final dataset, there were 13 cows that were paratuberculosis sero-positive with OD values ranging from 84 to 241. Of the 32 herds (949 cows) tested, there were eight positive, eight non-negative and 16 negative herds. The positive herds (mean herd size = 129 cows) and the non-negative herds (81 cows) were larger than the negative herds (72 cows) (P \< 0.01).

Animal-level effects
--------------------

Eleven sero-positive cows could be matched with 55 sero-negative cows for milk yield, protein, fat and SCCS. The mean (range) age, milk yield, SCC and lactation length of the sero-positive cows was 50 months (28-73), 6,292 kg (3,810-8,795), 169,083 cells/ml (44,000-1,090,000) and 250 days (175-304), respectively. Two of the 11 positive cows were in first parity; therefore for calving interval \[mean (range) 371 days (335-424)\] only nine positive cows could be matched with 45 negative cows. At the animal-level, paratuberculosis sero-status had no effect on any of these dependent variables (P \> 0.05).

Herd-level effects
------------------

Table [2](#T2){ref-type="table"} shows the outputs from the multiple regression models comparing positive, negative and non-negative herds using the restricted dataset with EBV records. Overall, herd paratuberculosis sero-status had no significant effect on milk yield, milk fat or milk protein production or on calving interval. Negative herds tended to have a lower SCCS than the positive and the non-negative herds (P = 0.087). The positive herds had a significantly higher EBV for milk yield, SCC and calving interval than the negative herds (Figures [1](#F1){ref-type="fig"}, [2](#F2){ref-type="fig"}, [3](#F3){ref-type="fig"}). However, the negative herds had a significantly higher EBV for EBI than the positive herds (Figure [4](#F4){ref-type="fig"}). EBVs for milk fat and protein did not differ between negative and positive herds. Non-negative herds had significantly lower EBVs for milk yield, protein, calving interval and EBI than negative or positive herds but did not differ for SCC and fat.

###### 

The effect of herd paratuberculosis sero-status (positive, negative or non-negative) on milk, fat and protein yield, somatic cell count score (SCCS) and calving interval \[mean (95% CI)\]

  Variables                Positive              Non-negative          Negative              F-value   Adjusted R^2^   P-value
  ------------------------ --------------------- --------------------- --------------------- --------- --------------- ---------
  Milk (kg)                6981.44 (6594-7369)   6928.00 (6594-7369)   6601.85 (6408-6795)   1.995     0.447           0.138
  Fat (kg)                 242.20 (231-253)      238.50 (226-251)      238.03 (232-244)      0.213     0.7             0.809
  Protein (kg)             222.09 (216-228)      220.79 (214-228)      215.75 (213-219)      2.031     0.871           0.133
  SCCS (score)             3.26 (2.7-3.8)        3.38 (2.7-4.0)        2.76 (2.5-3.0)        2.469     0.021           0.087
  Calving interval (day)   386.42 (368-405)      391.63 (364-419)      381.67 (372-391)      0.696     0.063           0.5
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Parity-level effects
--------------------

When the data were examined at parity-level, there were no significant differences between positive, non-negative and negative herds in the four parity groups for milk yield, milk fat, milk protein, SCC or calving interval. However, cows in parity 3 in positive herds tended to have a higher average milk yield than those in parity 3 in negative herds \[7636.46 kg (6878-8395) vs. 6590.82 kg (6075-7107), P = 0.079\]. Cows in parity group 4 in positive herds tended to have a higher SCCS than cows in parity group 4 in negative herds \[4.13 (2.6-5.6) vs. 2.84 (1.9-3.8), P = 0.087\].

Discussion
==========

The hypothesis that there would be a reduction in production and reproductive performance between paratuberculosis-positive and negative herds was rejected. This study showed no significant effect of herd paratuberculosis sero-status on milk yield, fat, protein, SCCS and calving interval. The fit of the general linear models was good for milk yield (R^2^= 0.45), and fat and protein yield (R^2^≥ 0.70), but poorer for SCCS and calving interval (R^2^\< 0.10). Though the SCCS was numerically higher for positive and non-negative herds than for negative herds, all of the herd SCCS scores indicated mean herd SCC of between the 36 and 283,000 cells per ml. Recently, Dieguez *et al.*\[[@B6]\] found that seropositivity to MAP was related to bulk tank SCC and the incidence of mastitis. While clinical paratuberculosis has been shown to have significant negative economic impacts in both pasture-based \[[@B1]\] and confinement systems \[[@B2]\], the impact of subclinical paratuberculosis (test-positive only) is less clear. For example, in the UK, with management systems not greatly dissimilar from those in Ireland, Stott *et al.*\[[@B28]\] found that the financial effect of paratuberculosis is considerably lower than for other major endemic diseases of dairy cows. Dufour *et al.*\[[@B7]\] stated that the calculation of losses caused by paratuberculosis is affected by the production system of a herd, its size, production level, herd management (especially rearing of calves and young animals) and other factors.

In the present study, the large positive herds had a significantly higher EBV for milk, while the smaller negative herds had a higher overall EBV, and when adjusting for EBV, the difference in milk yield was no longer significant. It might be the case that the selection for high milk yield in the positive herds made the cows more vulnerable to infection with paratuberculosis. There is a general consensus that when selecting for a higher milk yield, the genetic merit for health decreases \[[@B11],[@B14]\]. Koets *et al.*\[[@B23]\] provided evidence for the presence of genetic variation in the susceptibility of cattle to paratuberculosis. The average milk production in the non-negative and positive herds was higher than the average milk production (6,677 kg/cow) of Irish milk-recorded herds. The fat and protein production was similar to that of Irish milk-recorded herds (244 kg fat and 221 kg protein). There is another possible reason for the relationship found between larger herds, the number of positive cows and high EBV milk yield. It is proposed that farmers with large herds may have imported cows with high genetic merit for milk yield from abroad and inadvertently imported MAP carriers, as genetics at the time were mainly sourced from countries where paratuberculosis is now recognised. The non-negative and negative herd had higher EBV-EBI values than the positive herds, but lower EBI-milk. This also suggests that these herds may not have selected as strongly for EBV-milk, as they had higher EBV-SCC and EBV-CI cows which would have contributed to a higher EBVEBI found in these herds.

The results for herd-level analysis are consistent with those for the parity and animal-levels. The outcome of the case-control study showed that there was no difference in the five production parameters between test-positive and test-negative cows. This is in agreement with Johnson *et al.*\[[@B12]\] who found no difference in milk, fat or protein production in 533 cows from seven herds with an animal-level MAP prevalence of 59.9%. However, it should not be concluded that paratuberculosis is an economically unimportant disease in the Irish dairy industry. On a very small number of Irish farms there have been major outbreaks of Johne\'s disease \[[@B1]\] which caused huge financial loss. At the Irish dairy industry level, paratuberculosis presents a continual threat to our export of dairy products given the uncertainty regarding the link with Crohn\'s disease and the progress on national control programmes internationally. In addition, while this study examined the effects of paratuberculosis sero-status it could not address the impacts of clinical Johne\'s disease on veterinary costs, culling rates and animal welfare.
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